Carbon nitride-based nanostructures have attracted special attention (from theory and experiments) due to their remarkable electromechanical properties. In this work we have investigated the mechanical properties of some graphene-like carbon nitride membranes through fully atomistic reactive molecular dynamics simulations. We have analyzed three different structures of these CN families, the so-called graphene-based g-CN, triazine-based g-C 3 N 4 and * To whom correspondence should be addressed †1 1 heptazine-based g-C 3 N 4 . The stretching dynamics of these membranes was studied for deformations along their two main axes and at three different temperatures: 10K, 300K and 600K.
Introduction
Due to the advent of nanotechnology, which created a new revolution in materials science, there is a renewed interest in organic and inorganic materials. Among these structures, carbon nitrides (CN) are of particular interest. Theoretical calculations have pointed out that CN crystals should present extremely high bulk modulus, of the order of 427 GPa. [1] [2] [3] For instance, cubic − C 3 N 4 is predicted to exhibit higher bulk modulus than that of diamond, 4 while β −C 3 N 4 can exhibit a tunable electronic character, going from metallic to insulating depending on the morphology. 5 These promising results motivated many different experimental investigations on distinct CN forms. Successful synthesis of materials like small β −C 3 N 4 crystals, amorphous CN films 6, 7 and nanofibers made from C 3 N 4 and CN have been reported. 8 Due to the recent successfull isolation of graphene membranes, 9 with its unique electrical and mechanical properties [10] [11] [12] [13] and various applications in nanotechnology, [14] [15] [16] [17] there has been a renewed interest in two dimensional materials. Other two dimensional structures, such as boron nitride 18 and silicene, 19 among others, have been object of recent investigations. However, bidimensional CN structures have not been thoroughly investigated, in spite of their very promising mechanical and electronic properties. 20, [20] [21] [22] [23] Questions about the actual synthesis of the carbon nitride graphitic phase still remain, however some evidence of its synthesis have been reported, [24] [25] [26] [27] [28] [29] [30] while the synthesis of its polymeric phase (called melon) is well documented. 31, 32 These materials are porous, low-density, hard, chemically inert, biocompatible structures, 33 with unusual optical and electronic properties. 28, 29, 34, 35 These properties can be, in principle, exploited in a large class of technological applications.
In this work we have investigated the mechanical and fracture patterns of three members of the two dimensional CN family ( Figure 1 
Methodology
All calculations were carried out with reactive classical molecular dynamics methods using the ReaxFF force field, 36 as implemented in the LAMMPS package. 37 ReaxFF was developed in order to simulate large systems while keeping an accurate description of bond formation and bond break processes. This method employs total energy description based on partial energy contributions, such as bond elongation, van der Waals forces and Coulomb interactions, among others. The ReaxFF ability to dynamically describe hybridization changes and charge redistribution (allowing the description of creating/breaking bonds), makes it suitable for the present study.
ReaxFF parameters are obtained from experiments and/or DFT calculations. The mean deviation between the heat of formation predicted by this method and experimental data is no larger than 2.9kcal/mol for hydrocarbon systems. 38 To further assess the suitability of the employed parameter set, 36 we compared the predicted structures of β -C 3 N 4 and graphitic-C 3 N 4 with other values previously reported in the literature. 4 The diferences on bond-length and lattice parameter values were of 1% and 2% respectively, thus corroborating the adequacy of the used parameter set for this family of structures.
The investigated models consist of three different carbon nitride membranes called here: graphenebased g-CN, triazine-based g-C 3 N 4 and heptazine-based g-C 3 N 4 , as shown in Figure 1 . The considered membranes in this work have dimensions around of 160 × 150 Å, where the g-CN structure has 6068 atoms, triazine-based g−C 3 N 4 and heptazine-based g−C 3 N 4 ones, 9240 and 8624 atoms, respectively. All structures were considered with periodic boundary conditions along the X and Y directions. To assure that each structure was at equilibrium before the start of the stretching process, we first thermalized them. In order to do this, we ran the molecular dynamics simulations under the NPT ensemble, i.e., with fixed number of atoms, pressure and temperature values. External pressure was set to zero, so we had no initial stress on any structure. The value of the chosen temperature was controlled during the stretching process through a Nosé-Hoover chain thermostat. 39 Three different temperatures values were considered (10K, 300K and 600K), in order to determine how dependent the mechanical properties are on thermal effects.
The stretching process was simulated through the gradual increase of the lattice parameter along the periodic directions. A timestep of 0.05 f s was used together with a constant strain rate of 10 −6 / f s. The increased stretching is maintained until complete rupture of the membranes, which means tipical simulation times of the order of 10 6 f s. The methodology used in this work has been succeffully applied in the study of the mechanical properties of many other structures. [40] [41] [42] [43] [44] [45] From the simulated stretching processes we can obtain the stress-strain curves. In the linear region of the stress-strain curve we have calculated the Young's modulus, which can be defined as
where ε i is the strain along direction i and σ ii is the in-plane virial stress tensor component along direction i, defined as
where V is the volume of the membrane, N is the number of atoms, v the velocity, r the position and f the force per atom. As the membrane is only one atom-thick and atomic volumes are not very well-defined, we opt to calculate all Young's moduli as a function of this thickness d, effectively writing the volume V as V = A.d, where A is the surface area of the membrane.
In order to have a better estimation of the spatial stress distribution during the stretching regime, we have also calculated the von Mises stress per atom i, defined as
Results and discussions
The three distinct membranes, graphene-based g−CN, triazine-based g−C 3 N 4 and heptazine-based g−C 3 N 4 ( Figure 1 ) were stretched at a constant rate until complete rupture. Table 1 The distinct morphologies of each membrane type lead to different fracture patterns. Also, these patterns depend on the direction of the applied strain. We applied strain along the two principal directions, X and Y , as defined in figures 2, 3 and 4. Figure 2 shows that, when stretching a graphene-based g-CN sheet along the X direction, stress acumulates on the C −C single bonds that are almost parallel to that direction. These are the first bonds to break. When the strain is applied along the Y direction, the C-C single bonds are parallel to the strecthing direction, thus much less stress is built up before the fracturing process starts, ultimately breaking these single bonds.
For triazine-based g-C 3 N 4 membranes, as shown in figure 3 , the stress also builts up mostly into the single bonds, in this case C − N. When stretching along the X direction, fracture yields rough edges, while stretching along the Y direction fracture yields very clean edges. This is due to the single C − N bonds which are aligned with that direction, breaking in sucession.
A very similar behavior is observed in the case of heptazine-based g-C 3 N 4 membranes, as shown in figure 4 . This should be expected as, despite presenting larger macro-cycles, the heptazine- Stress strain curves for all the considered structures and temperatures are presented in Fig. 5 .
In general, the stress-strain curves start with a linear region where the Young's Modulus can be calculated, going through a non-linear region and until the total rupture. Analyzing the stressstrain curves, we observe that for the graphene-based g-CN membranes a direct transition from linear regime to the fracture occurs. For the triazine g-C 3 N 4 and heptazine g-C 3 N 4 , after the linear region, the stress is momentarily relieved and another linear region can be observed, leading to a complete fracture afterwards. This stress decrease can be attributed to an internal rearrangement of bond lengths and angles. Similar behavior in membranes formed by carbon, nitrogen and boron was observed using the Tersoff potential. 46 The Young's Modulus for all considered structures, directions and temperatures were obtained by fitting the linear region of the stress-strain curves. For instance, considering the room temperature (300K) and the X direction, the obtained value for g-CN was 1663GPa.Å, while for triazine g-C 3 N 4 1668GPa.Åand heptazine g-C 3 N 4 1247GPa.Å, as can be seen along with another results in Table 2 
Summary and Conclusions
We have investigated the mechanical and fracture patterns of a series of two-dimensional CN struc- 
